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SUMMARY 

The model s tudies  presented in  this r epor t  were made to determine 
the possibility of regulating the flow through a siphon spillway by admitting 
air into the throat.  

T h r e e  methods of admitting air into the siphon were  investigated: 

1. Through the siphon b reake r  pipe, F igure  3 

2. Through multiple a i r  conduits, F igure  4 

3. Through slotted openings in the roof of the siphon, 
F igu res  6 and 1 2  

The f i r s t  method did not provide regulation over a sufficiently wide 
range of discharge.  The second method provided be t te r  regulation, but the 
number of conduits needed to provide full  regulation resulted in a cumber-  
some  device that would be impracticable f o r  field construction. 

The third method, recommended for  field installation, provided 
excellent regulation. With the s lots  in  a horizontal  position, the siphon was  
regulated fo r  about 94 percent of the discharge range; with the s lo t s  in a ver-  
t ical  position, there  was regulation for  the full discharge range. 

Since it was des i red  to utilize on the Pole Hill Siphon the slotted regu- 
la tor  developed i n  these t e s t s  and s ince the model t e s t s  were l imited in  scope 
in  that they did not establish the quantity of a i r  needed to provide the proper  
a i r -water  mixture  f o r  the prototype s t ructure ,  recommendations were made 
to  install  a completely adjustable opening for  the prototype regulator.  Then, 
based on field tes ts ,  the slot  area needed to regulate the prototype siphon can  
be determined and se t .  Recommendations were  a l so  made to  obtain compre-  
hensive data  which can be compared with model data to provide a bet ter  under- 
standing of the  regulator  for  future designs. 



Several  s t ruc tu res  in the Colorado-Big Thompson Pro jec t  make 
use of siphon spillways to provide a method of discharging the  flow i n  
c a s e s  of emergency, such a s  powex. plant failure. 

At one of these s t ruc tures ,  the Pole Hill Power Plant, i t  was found 
necessa ry  to provide for  a sma l l  diversion flow during the completion of the 
power plant and penstock. The only available s t ruc ture  fo r  discharging th i s  
diversion flow was the Pole Hill Siphon. 

The quantity of the diversion flow was considerably s m a l l e r  than 
the design discharge of the siphon. Since a siphon opera tes  only a t  o r  n e a r  
i t s  maximum discharge, an intermittent flow condition would resu l t  which 
would be  dangerous to the construction worke r s  and f i shermen i n  the a r e a  
below the power plant. 

If a method could be found to  regulate the discharge of the siphon 
it  would eliminate the necessity of constructing an expensive turnout s t ruc-  
tu re  upstream in the canal. 

During the  course  of the laboratory investigations, water was turned 
into another  of the Colorado-Big Thompson s t ruc tu res ,  the Marys Lake Siphon. 
The :>peration of the siphon spillway was not sat isfactory,  and considerable 
damage occurred a t  the discharge end of the siphon, F igu re  1. When the  siphon 
was fully primed it discharged approximately 50C second feet ,  the inflow into 
the forebay of the siphon was about 200 second feet .  Due to the  comparatively 
sma l l  forebay a rea ,  the discharge lowered the  water  level 30 inches in approxi- 
mately 15 seconds, allowing a i r  to  be admitted through the siphon b reake r  to 
break the pr ime of the siphon and s top the  flow. It took approximately 30 sec -  
onds fo r  the forebay to  re f i l l  to  the original level,  whereupon the siphon primed 
again and the cycle was repeated. At the  discharge end of the  siphon, the high- 
velocity flow f rom the siphon swept the ta i l  water  away f rom the outlet; when 
the flow ceased the re  was a r e v e r s a l  of flow in the t a i l  water and it moved back 
toward the discharge end of the siphon. About t he  t ime  that the  outlet was fillly 
submerged the siphon was discharging again and the two flows, traveling in 
opposite directions,  collided inside the downstream end of the  siphon, produc- 
ing t remendous p r e s s u r e s  within the s t ruc ture .  The resul t ing s t r e s s e s  were  
the  cause  of the damage to  the  s t ruc tu re  a s  shown in F igu re  1.  

In most installations there  is no problem a s  descr ibed above, but 
there  s t i l l  remains  a se r ious  objection to  the ordinary siphon. The charac-  
t e r i s t i c  action of a siphon is to discharge the maximum flow wfienever i t  oper- 
a t e s  and consequently, the protective works at  the discharge end must be 
capable of dissipating the energy in the maximum flow at all times, resul t ing 
in an expensive s t ruc ture .  

If a sat isfactory type of regulator could be developed, i t  could be 
installed in new and existing siphon spillways and would s e r v e  the dual pur-  
pose of preventing o r  lessening the probability of damage a t  the outlet of the 
siphon and would a l so  regulate the siphon outfiow so that the l a r g e r  d i scharges  
would occur  only when necessary.  



flows that occur  most  of the t ime and s t i l l  re ta in  the advantage of having 
sufficient capacity t,o pass  tile rnaxirnum flow i n  an  emergency. The pro-  
tective works could then be designed to produce excellent fl.ow conditions 
a t  all t imes  fo r  the normal  flow and to !x.mdle short-period emergency flows 
without damage to the s t ruc ture .  Experience h a s  shown this method to be 
less costly than providing safe  protective works for  the maximum discharge 
a t  all times.  

The possibility that a regulator  could be developed was indicated 
, in  a paper in the 1938 Proceedings of the American Society of Civil Engineers,  

page 1627, entitled "Siphons a s  Water Level Regulators,  " by J. C. Stevens. 

t 

THE MODEL 

Sufficient funds were  not available to  construct an exact model of 
the Pole Hill Siphon, s o  i t  was decided to utilize a siphon which had been con- 
s t ructed for  another purpose and was in s torage  in  the Hydraulic Laboratory.  
This  siphon had been built to obtain design data  on low-head siphons for Waste- 
way No. 2, Roza Division, Y akima Project ,  Washington. 

The dimensions of the Yakima Siphon were not the s a m e  a s  any of 
the Colorado-Big Thompson siphons, but minor  modifications were made to 
the  model so  that i t  would se rve  to indicate whether a siphon spillway could 
b e  regulated t o  discharge l e s s  than the maximum capacity and s t i l l  remain  
par t ia l ly  primed. The top of the Yakima Siphon model was modified f rom the 
crown to the upstream lip to represent  the Pole Hill Siphon; the remaining 
p a r t  of the s t ruc ture  was not changed. The sca l e  ra t io  of this portion was 
1: 4 .6  14. 

The s t ruc ture  used was constructed of heavy-gage galvanized sheet 
I i ron  with t ransparent  plast ic  s ides .  

The siphon was installed in the lower end of the laboratory 's  s tee l  
flume. The flume is 4 feet  wide, 8 feet high, and ove r  80 feet long. During 
the testing, it became apparent that even this comparatively l a rge  r e se rvo i r  
a r e a  was not sufficient to  reproduce exactly the pr iming charac te r i s t ics  of 
the prototype siphon. F igure  2 shows the siphon and i t s  installation; the no- 
menclature  and dimensions of the various pa r t s  are a lso  given. Photographs 
throughout the repor t  show the siphon in  operation. 

Water was supplied to the s tee l  flume f rom the permanent laboratory 
pumps and measured by Venturi meters .  The water supply was arranged so 
that the flow could be  diverted through a 4-, 6-, 8-, o r  12-inch Venturi meter ,  
thus assur ing  accurate  measurement  of discharge for a wide range. 

I 

The water-surface elevation of the r e s e r v o i r  was measured  by two 
methods. A point gage was installed in  the flume 10 reet upstream f rom the 
siphon; this was sat isfactory for discharges up to 4 second feet, hut for the 
l a r g e r  d i scharges  the wave action in the flume w a s  too pronounced to obtain 
definite elevations. Therefore ,  a stilling-well with a hook gage was installed 



diameter  hose connecting the-well with the flume, Both the hook gage and 
the point gage were zeroed to the elevation of the siphon c re s t .  

In order  to  represent  the prototype exit  conditions, the discharge 
was retained by a gate at  the end of the flume so  that the outlet was sub- 
merged at all flows. 

THE INVESTIGATION 

Discussion of Siphonic Flow 

A more  complete discussion of the theory of siphonic flow can  be 
found in Hydraulic Laboratory Report  No. Hyd-108. The following discus- 
sion, however, i s  a general  review of siphon action. 

When the flow s t a r t s  over  the c r e s t  of the siphon, i t  is the s a m e  a s  
flow over a spillway c re s t .  On the downstream side of the siphon cres t ,  how- 
ever ,  a small  lip is placed s o  that the sheet of water passing over the siphon 
c r e s t  spr ings  f r ee  of the surface and is deflected to the opposite s ide of the 
ba r re l  in  a thin sheet. This sheet divides the b a r r e l  into two p a r t s  and pro- 
vides an air seal between the two. The flowing water in  the sheet  pumps air 
out of the throat, o r  upper section of the siphon, reducing the p r e s s u r e  to  
blelow atmospheric.  A s  the a i r  i n  the throat  is exhausted water r i s e s  to take 
i t s  place until the b a r r e l  is flowin f u l l .  The quantity may then be cornputed 
by the orifice equation Q = Ch I+ 2gH, with H being the difference in elevation 
between the r e s e r v o i r  and the tail-water surface.  

When the throat is flowing full, the siphon is considered fully primed. 
As  soon a s  the siphon s t a r t s  to pr ime it  begins to discharge a g r e a t e r  amount 
than can be passed over  an open-crest  weir, but the maximum capacity is ob- 
tained only when the siphon is fully primed. 

Once primed, the siphon will discharge at maximurn capacity until 
air is admitted near  the crown o r  into the throat. This  is usually done by 
means  of a siphon-breaker pipe installed n e a r  the crown of the siphon. The 
entrance to  this pipe is placed in the r e se rvo i r  art some predetermined eleva- 
tion so that when the r e s e r v o i r  level falls t o  th i s  elevation air p a s s e s  through 
the pipe into the throat of the siphon and the p r ime  is broken. If the: siphon- 
breaker  entrance is below the c r e s t  elevation, flow ceases  entirely.  If the 
entrance is above the c r e s t  elevation, the flow is reduced to the amount that 
an open spillway c r e s t  would discharge.  The r e se rvo i r  water  surfsnce may 
then rise until the siphon again p r i m e s  and the same cycle is repeated. 

It has  been noted on some  siphons that a s  the r e s e r v o i r  level falls 
the discharge is reduced by an amount g r e a t e r  than can be accounted fo r  by 
the decrease  in head. This  usually occur s  when the r e s e r v o i r  level  is in the 
vicinity of the siphon-breaker entrance.  With only a thin layer  of water  over 
the b reake r  inlet, the siphon b reake r  takes air through vortices,  th i s  air 
mixes with the water  and reduces the siphon discharge.  



- 
Three  basic  t;ypes of . regulators  were  tested. In the f i r s t  type the 

intake end of the siphon-breaker pipe was modified s o  that some  a i r  was ad- 
mitted a t  all reservoi l*  levels,  and s o  that a s  the level fell a progressively 
g rea t e r  quantity of air was allowed to  enter .  The second type was a multiple 
a i r  conduit having a i r  passages  under the lip of the siphon. The passages  
were placed s o  that the r e se rvo i r  elevation governed the amount of air that 
entered; with lower water-surface elevations a g rea t e r  number of the a i r -  
passage en t rances  were  exposed to  the atmosphere,  thus allowing g r e a t e r  
quantities of a i r  to enter.  The third type of regulator  consisted of a slotted 
opening in the top o r  hood of the siphon inlet located between the lip and the 
crown. As the r e s e r v o i r  level fell, a g rea t e r  a r e a  of the slotted opening 
was exposed, allowing m o r e  a i r  to en ter .  

The f i r s t  two types of regula tors  provided s o m e  control but only 
f r o m  maximum flow down to about 40 percent of the maximum discharge.  
The third type, with s lo t s  in the hood, provided control fo r  the full range  
of discharge. 

Cr i t e r i a  for  Good Per formance  

T o  determine the effectiveness of the regulating devices, r e se rvo i r  
elevation ve r sus  discharge cu rves  were  plotted and compared, using data  ob- 
tained from the model. If the siphon under t e s t  was found to  operate  pr imed 
over  a wide range  of discharge with only a relatively small change in  head, 
and i f  the outflow f rom the siphon increased and decreased uniformly without 
breaking p r ime  as the inflow increased and decreased,  *the operation-was con- 
s idered satisfactory.  

Model-prototype Relation - 
All dimensions and discharges given in this  r epor t  are actual model 

figures. To  obtain a corresponding prototype value, tlne model quantity should 
be multiplied by the following relationshi : for  length, by t e model scale 4 N = 4.614; a rea ,  by IV2; discharge,  by N872;  velocity, by Dl1 2. However, 
c a r e  should be taken in scaling up any values involving discharges because 
the s imi la r i ty  between model and prototype siphons has  not been proven in 
c a s e s  where p r e s s u r e s  below atmospheric  a r e  apt to occur. Fur thermore ,  
i t  is known that prototype values involving entrained air cannot be predicted 
f rom the s imple  relationships given here.  

Adaptation of Siphon-breaker Pipe 

Pre l iminary  information received by the laboratory when the testing 
8 s ta r ted  indicated that the construction of the Pole  Hill Siphon had advanced to  

such a point that modifications necessary  to obtain flow regulation would have 
to  be  accomplished by adding some convenient device to the existing s t ruc ture  
r a the r  than by modifying the s t ruc ture  itself. It appeared that a s imple  device 
added to the siphon-breaker pipe would s e r v e  to  regulate the flow and this  was  
t r ied first .  



end. This  s leebe was made adjustable sb that i t  could be s e t  at  different 
elevations o r  easily removed. The f i r s t  regulating device tested consisted 
of a vertical  slot  cut in the lower end of this sleeve,  F igure  3. The en- 
t rance t o  the sleeve was  3 .25  inches lower than the c r e s t  elevation, o r  
5.20 inches below the maximum allowable r e s e r v o i r  elevation. The height 
of the s lo t  was 3.90 inches, with an  adjustable width of f rom 0 . 3 3  t o  1.30 
inches. 

The vertical  s lot  i n  the siphon-breaker pipe did not produce sa t i s -  
factory resu l t s .  The range in the r e se rvo i r  elevation was f rom 0.64 foot 
above the c r e s t  a t  7 .50  second feet to 0.05 foot below the c r e s t  at 3 second 
feet. At 3 second feet the flow through the siphon temporar i ly  ceased be- 
cause the siphon lost  i t s  pr ime.  Since the r e s e r v o i r  elevation was  below .d 

the c re s t ,  there  was no flow until the inflow had ra i sed  the r e se rvo i r  level 
above the c res t ,  then the siphon primed and flowed nea r  maximum dis- 
charge until the r e se rvo i r  level was  pulled down to a point where the air 
entering the slot  in the siphon breaker  broke the pr ime.  

Three  other  types of a i r  s lo t s  in  the siphon-breaker pipe w e r e  
t r ied.  The f i r s t  w a s  a horizontal slot  with i t s  cen ter  line 0.65 inch above 
the c re s t .  The second was  a combination of the horizontal  and the ver t ical  
in the shape of a tee. The third was  an inverted triangular opening with the 
base of the tr iangle at  the same  elevation as the horizontal slot. All of these  
modifications resul ted in the s a m e  general  type of action found with the ver- 
tical slot .  Schematic drawings of the s lo t s  and their  discharge-elevation 
c u r v e s  a r e  shown in F igure  3. 

The four types of s lots  used in conjunction with the siphon-breaker 
pipe failed to even show promise  of providing the regulation that was  being 
sought, therefore, no fur ther  a t tempts  were  made  to use the  siphon b reake r  
as a regulator.  

Multiple Ai r  Conduits 

Another device that could be added to  the prototype siphon spil l-  
ways without rebuilding them was a multiple air-conduit type of regulator.  
This  regulator  consisted of multiple a i r  conduits passing under the l ip of the 
siphon t o  admit a i r  n e a r  the crown through inlets  placed a t  different elevations 
in the headwater p o d .  The theory behind th i s  type of regulator  was to  expose 
more  a i r  inlets and provide a g rea t e r  air supply to  regulate  the flow as the 
r e se rvo i r  fell and the discharge was reduced. Two types of conduits were  
tested. The f i r s t  consisted of re la t ively s m a l l  diameter  tubes and the other 
of l a r g e r  rectangular  passages.  

4 

Rather than make  needlessly long t e s t s  t o  determine the effective- * 
ness  of the multiple a i r  conduits, two necessa ry  c r i t e r i a  were  f i r s t  checked. 

I If one o r  both failed, a testing w a s  immediately stopped and a new device tested, 

1 The c r i t e r i a  were: (I)  to  determine whether the discharge a t  which 
I the siphon broke p r ime  w a s  sufficiently sma l l  to insure the required range  of 
I 



elevation for  maximum'and minimum flow was'acceptable. 

Pipe Conduits 

The pipe conduits were inade of 3/8-inch inside-diameter rubber  
tubing. The tubes were  placed in horizontal rows, s i x  tubes to a row. The 
en t rances  to the f i r s t  row of tubes were at  approximately 0.65 inch above 
the c res t .  The tubes were  passed below the l ip  and along the roof to  a point 
about halfway between the lip and the crown, F igure  4. 

Three t e s t s  were made with the pipe conduits. F o r  the f i r s t  t es t  
one row of six tubes was zlsed. The center  line of the row was  0 .65 inch 
above the c re s t .  The discharge range on the f i r s t  tes t  was  f r o m  8 t o  1 . 7  

w 

second feet, but the change i n  r e se rvo i r  elevation was too grea t  for effective 
regulation. F o r  1 . 7  second feet  the r e s e r v o i r  was  drawn down to the  lower 
edge of the lip, o r  3.90 inches below the c r e s t ,  making the operation un- 
satisfactory.  

F o r  the second test  another row of s ix  tubes was  added, with the 
center  line of their  en t rances  1 inch above the center  l ine of the original 
row. With the second row of tubes added, slightly be t te r  control was  ob- 
tained. The discharge could be reduced to 1 .5  second feet before in te r -  
mittent outflow s ta r ted  with the minimum rese rvo i r  elevation 2 . 7 1  inches 
below the c res t .  

A third row of s ix  tubes placed 1 inch above the second failed to  
appreciably lower the minimum discharge a t  which siphon action stopped. 
Although the r e se rvo i r  elevation a t  the minimum discharge, 1.45 second 
feet, was 1.19 inches higher than for the previous test ,  i t  was s t i l l  1.52 
inches below the c res t ,  which w a s  too wide a range in r e s e r v o i r  elevation 
fo r  the type of regulation that was being sought. 

Thus each row of air tubes added t a  the regulator  increased the 
primed range of the siphon slightly and decreased  the range  of r e s e r v o i r  
elevations. Therefore ,  i t  appeared that g r e a t e r  quantities of air should be 
admitted to provide the desired regulation. Iiowever, to provide a g rea t e r  
quantity of a i r  by means  of individual pipes would r e su l t  in an unwieldy ar- 
rangement that would not be pract ical  fo r  field construction. A sys tem of 
rectangular  conduits was then devised to provide air .openings having a l a r g e r  
net area. 

Rectangular Conduits 

The principle of the rectangular conduits was the same  a s  that of 
the multiple pipe conduits; namely, to admit some air into the s t r e a m  a t  all 
t imes,  and as the r e se rvo i r  elevation fell,  to admit m o r e  air to  fur ther  re- 
duce the siphon discharge.  

This  regulator consisted of th ree  rectangular  conduits placed one 
above the other.  Each conduit in c r o s s  section was 112 inch by 14  inches. 
The entrances of the conduits were arranged in t i e r s  s o  that a s  the r e se rvo i r  
elevation fell 1 inch another conduit was exposed to the atmosphere and m o r e  



t rance t o  the top conYduit w a s  1 .60  inches above the c res t . .  The conduits 
passed underneath the lip of the siphon and extended, paral le l  to the roof, 
toward the crown f o r  1 inch, Figure 5. 

With this  type of regulator,  the range of primed siphon flow was 
f rom 8 to 1. 8 second feet .  At maximum discharge the r e se rvo i r  elevation 
was the s a m e  a s  for  the previous regulators .  F o r  the minimum discharge 
the r e s e r v o i r  level was 0 .90 inch below the c r e s t  elevation, indicating an 
improvement in this respect .  However, a t  th i s  point the siphon discharged 
in surges .  The siphon b a r r e l  filled with water and then s ta r ted  drawing a i r ;  
the air rapidly replaced the water until there  was  only about 2 inches of 
water flowing over  the c res t ,  then the b a r r e l  again filled with water  and the 
process  repeated itself. This cycle usually repeated three  o r  Pcur t imes  
before the flow ceased entirely. When the r e s e r v o i r  elevation had r i s en  
enough to  r ep r ime  the siphon, the surging cycle s tar ted again. The opera-  
tion was extremely poor. 

It appeared that the a i r  was not being introduced into the flow suf- 
ficiently ciose to the crown of the siphon and that this might be  the cause of 
the surges .  The downstream ends of the chambers  were  then extended along 
the roof to  a point approximately halfway to the crown, F igure  5. With this  
regulator  the minimum steady flow was 1.5 second feet a t  the s a m e  r e s e r -  
voir elevation indicated in the previous test .  At 1. 4 second feet  the surging 
again occurred with the exception that the flow ceased ent i re ly  on the fifth o r  
sixth surge  instead of the third o r  fourth. 

In o r d e r  to have effective regulation, i t  was apparent that the needed 
quantity of air must  be supplied instantaneously to  the a r e a  needing it. With 
pipes o r  air conduits being used as a i r  passages,  and fastened to  the s t ruc -  
t u re  in the manner  they were, the passages filled with water when the reser- 
voir was at the higher elevations, and as the r e s e r v o i r  fell below the passage  
entrances some water remained in the tubes. A sufficiently la rge  differential 
p r e s s u r e  then had to  b e  developed to exhaust the water f rom the conduit before 
the air could flow into the siphon bar re l .  The resul t ing t ime lag was too long 
to allow the smooth and constant regulation that was  being sought. 

A s  a resu l t  of these tests,  i t  was decided that i t  would be necessa ry  
to  modify the siphon itself r a the r  than add some  device to the existing s t ruc -  
ture.  

Slot Controls  

To  simplify the method of introducing air into the siphon, a regulator  
consisting of s lo t s  cut in the roof o r  inlet to the  siphon was used, Figut-es 6 
and 12. In the model two adjacent rectangular areas, each  4 inches high by 
6 inches wide, located 1 inch f rom e i ther  edge of the siphon with 1 inch be- 
tween them, F igu res  6 and 12,  were cut out of the roof of the siphon. The 
bottom edge of the opening was located 0 .26 inch above the c re s t .  Sheet- 
metal  plates  were  made and installed over the rectangular openings to pro- 
vide slots which could be adjusted for s ize  and location. The photographs 



~ i g u r e s  13, 14, and 15 show the ver t ical  slots.  

The f i r s t  t e s t s  made  with the s lo t s  placed horizontally gave very 
close control of the r e s e r v o i r  elevation fo r  the en t i re  range of d i scharges  
and smooth siphon outflow f rom a maximum of 8 second feet down to ap- 
proximately 0.50 second-foot. The next tes ts ,  with the s lo t s  in a ver t ical  
position, indicated that the control of the r e s e r v o i r  elevation was not a s  
close, but smooth flow was obtained f r o m  8 to  0.35 second feet. F o r  flows 
l e s s  than 0.35 second-foot, the siphon operated as a wei r  with no rough 
transition zone, giving, in  effect, smooth flow from maximum discharge 
to zero.  

Horizontal Slots- -Orifice Type 

The two openings cut in the roof of the siphon and covered with the 
sheet-metal  plates provided two openings 1 / 2  by 6 inches. The walls on 
three s ides  of the slot  were the s a m e  thickness a s  the siphon roof and the 
fourth side was  s i m i l a r  to a sharp-edge orifice, due to the plate covering 
the original opening, F igure  6. 

Pr iming  charac te r i s t ics .  When flow s t a r t s  over  the c r e s t  of a 
siphon the intake is submerged, and the b a r r e l  on the downstream side is 
sealed by the sheet of water that is deflected a c r o s s  the bar re l .  This t r aps  
a quantity of air in the crown of the siphon that must  be exhausted before 
the siphon can prime; this air is exhausted by the flowing sheet of water. 
Eve ry  t ime the siphon primes,  the s a m e  quantity of air must  be exhausted, 
and the elapsed t ime of priming is almost  constant r ega rd le s s  of the r a t e  of 
inflow o r  r a t e  of rise of the reservoi r .  I t  is apparent, therefore, that the 
r a t e  of rise of the r e se rvo i r  has  an important bear ing on the r e s e r v o i r  ele- 
vation a t  which the siphon pr imes .  With a rapidly r i s ing  r e se rvo i r ,  higher 
pr iming head resul ts .  

The siphon model was not built for  an  exacting stuay of pr iming 
charac te r i s t ics  arid consequently, because of the comparatively s m a l l  fore- 
bay area, the r a t e  of rise of the r e se rvo i r  for  inflows above 3 second feet  
was too grea t  to obtain the minimum required priming head with any degree 
of accuracy. With the horizontal slatted type of regulator,  the siphon pr imed 
before the s lots  were fully submerged at  inflows up to  1 . 5  second feet. F o r  
inflows g r e a t e r  than 1 .5  second feet, the slot  was fully submerged before the 
siphon primed, with the required pr iming head becoming fairly constant at  
inflows of 2.25 to  3 second feet, Figure 10, Curve  E. 

Operation. When the siphon pr imed for  inflows above 2 second feet, 
i t  discharged nea r  maximum until the r e s e r v o i r  elevation had been lowered 
enough to per3nit air to en te r  through the slots.  Some air entered the s lo t s  

e before the water level dropped to  the s lot  elevation because of vort ices  that 
appeared on the water  sur face  and because of a local depression i n  the water 
sur face  near  the slots,  F igure  9. A s  the r e se rvo i r  dropped, the intake of 
air increased uutil a proper  mixture of air and water was  obtained which 



the siphon and the elevation of the r e se rvo i r  then remained constant a s  long 
as the inflow into the forebay remained constant. Whelk the inflow was in- 
c reased  o r  decreased, the siphon made the necessa ry  adjustment in  both 
discharge and r e s e r v o i r  elevation without the p r ime  being broken. F igu res  
7, 8, 9, and 1 7  show the operation,'for different discharges.  

With the horizontal orifice-typo slot  the  siphon pr imed at any inflow 
grea te r  than 0.50 second-foot, and a f t e r  discharging enough water  to draw- 
down the r e se rvo i r  to the point that sufficient air was admitted through the 
slot to obtain an air-wate; balance in  the b a r r e l  of the siphon, steady flow 
occurred.  When the inflow was less than 0.30 second-foot the siphon operated a s  
a weir.  F o r  inflows between 0.30 and 0.50 second-foot, the siphonprimed, d i s -  
charged as 2 siphon for a shor t  period, the p r ime  then temporar i ly  broke, and 
weir flow occurred until the siphon repr imed.  The t ime for  the above cycle was  
oniy a minute for  the model and the difference in  quantity between the weir  flow 
and p y i r ~ e d  flow was sufficiently sma l l  that no undesirable flow condition occurred.  

A curve giving the r e se rvo i r  elevation in feet  above the c r e s t  a t  any 
discharge is shown in Figure 10, Curve  A. F r o m  the curve fo r  the horizontal 
orifice-type slot, the head above the c r e s t  at 8 second feet is 0.295 foot and 
at  0.50 second-foot the head is 0.135 foot, o r  a total drop of 0.16 foot be- 
tween the maximum and minimum discharges.  

T o  obtain the effect of the elevation of the slot  on the siphon, the slot  
was placed at  different eleva.tions along the roof. The same  type of operation 
occurred r ega rd le s s  of the ver t ical  location of the slot, with the s a m e  dis- 
charge l imits  for  smooth flow. However, the r e s e r v o i r  elevation was direct ly  
dependent on the ver t ical  location of the slot. A small ckange in location of 
the slot, e i ther  above o r  below the eievation used in  the previous tes ts ,  re- 
sulted in  a s imi l a r  change in the r e s e r v o i r  level. 

A sma l l e r  slot, 3/ 8 by 6 iaches and a l a r g e r  slot  3/ 4 by 6 inches, 
, both of the orifice type, were  a l so  tried. The 318-inch slot  did not have suf- 

ficient a r e a  to provide the air required,  and consequently the r e s e r v o i r  was  
drawn down nea r  the l ip  of the siphon, resul t ing i n  the pr ime being broken a t  
discharges a s  high as 1.5 second feet .  The 314-inch slot  provided too much 
area,  and whereas the r e se rvo i r  elevation did not drop a s  much as with the  
1/2-inch slot, the quantity of air that entered caused the p r ime  to be partially 
broken at  flows under 3 second feet, which in turn resul ted in intermittent 
flow through the siphon due to  the tendency of the siphon to  repr ime.  The 
intermittent flow condition consisted of a shor t  period of sma l l  discharge 
followed by a shor t  period of la rge  discharge.  

I Horizontal Slots- -Solid-wall Type 

In place of the shee t -n ie td  plate forming the fourth wall of the slots, 
a solid wall the s a m e  thickness as the siphon roof was used. The dimensions 

i of these s lo t s  were a l so  1 / 2  by 6 inches, F igure  11. 

Operation. The priming and operating charac te r i s t ics  with the solid- 



Two differences in the operation were noted: 

1. At a given discharge the reservoir  elevation was lower for  
the solid wall s lot  than i t  was for the orifice type, Figure 10, Curves 
A and B. 

This can probably be explained by the fact that the a i r  quantity 
necessary to regulate the siphon at  a given discharge is the s ame  re- 
gardless of the type of a i r  slot. An orifice-type slot will pass m a r e  
a i r  than the solid-wall type having the s ame  area, therefore, the re -  
duced pressure in the siphon is relieved with a smaller  a i r  opening, 
i. e., a higher rese rvo i r  elevation when an  orifice-type opening is 
used. 

2. At a discharge of approximately 2.75 second feet there was 
an abrupt drop in the reservoir  elevation of about 0.035 foot. There 
was st i l l  steady flow through the siphon after the change in elevation, 
but the head-discharge curve had a s teeper  slope for discharges below 
2.75 second feet than i t  did for discharges grea ter  than 2.75 second 
feet, Figure 10, Curve B. This drop i n  elevation was established by 
obtaining numerous points in the region of this discharge, s o  there  
could he no doubt as to i t s  veracity. No explanation for this drop can 
be given, however. 

Vertical Slots 

The vertical s lo ts  used were of the orifice type, formed by sheet- 
metal plates partly covering the original openings and forming s lo ts  a t  the 
center of each of the openings in the roof of the siphon, Figure 12. The 
height of the slots was 4 inches, measured along the slope of the roof, with 
widths of 1 / 2  and 1 inch being used. 

Primin . With the vertical slots the rese rvo i r  elevation had to be 
approxima d e y 25 foot above the cres t  before the siphorl primed, Figure  
10, Curve C. When the reservoir  was at this  height the slots were fully sub- 
merged 2nd the a i r  in the ba r re l  could be exhausted without more  air entering. 
Once the slots were submerged the length of: t ime for  the siphon to become 
fully primed was the same  a s  for  the horizontal slots. 

Operation. The vertical slots provided steady and continuous flow 
from the maximum to zero  discharge, with siphonic flow occurring from 8 
second feet to approximately 0. 35 second-foot and weir flow from 0.35 second- 
foot to ze ro  with no rough transition between siphonic and weir flow. Figures 
13, 14, 1% and 17 show the operation at different discharges. 

Although the re  was no break in the flow with the vertical slots, the 
reservoir  elevation was higher at all discharges than it was for the horizontal 
slots, Figure 10. 

When the width of the vertical slot w a s  changed to 1 inch, the r e s e r -  
voir elevation for all discharges above. 0.30 second-foot was higher than i t  was 



less  drop in reservoir  elevation with the wider slot. Below 0. 30 second-foot 
there was weir flow and the reservoir  elevation was the same  for both types of 
slots, Figure 10, Curve D. 

Cornparisan of Horizontal and Vertical Slots 

The desired regulation was obtained with either the horizontal o r  
the vert ical  slots; however, each type had some advantages over the other, 
depending on the type of regulation being sought, i. e., discharge regulation 
or r ese rvo i r  elevation regulation. 

Discharge regulation. The vertical slot gave the best discharge 
regulation, with continuous flow f rom zero discharge to maximum. 

The horizontal slot gave continuous regulation f rom 0.45 second- 
foot to maximum discharge. Fo r  flows under 0.45 second-foot the siphon 
primed and discharged for a short  time, the prime then broke and there was 
a small flow comparable to open-crest weir flow until the siphon reprirned; 
this cycle repeated itself until the inflow was increased above 0.45 second- 

, 
foot. Some of the discharge cycles a r e  shown and explained in Figure 16. 

Reservoir elevation regulation. The horizontal s lo ts  provided better 
reservoir  elevation regulation than the vertical slots. 'When the orifice-type 
slot was used, the change in reservoir  elevation between a discharge of 7.75 
second feet and 0.45 second-foot was 0.132 foot for  the horizontal slots and 
0.190 foot for the vertical slots. In other words, there was approximately 
30 percent l e s s  change in rese rvo i r  elevation with the horizontal slots than 
with the vertical slots. 

The solid-wall type was only used fo r  the horizontal slot s o  a com- 
parison between horizontal and vertical solid-wall s lots  cannot be made. 
However, a s  shown in Figure 10, the change in . reservoir  elevation between 
maximum and minimum discharges with the horizontal solid-wall slot w a s  
much greater  than it  was with the horizontal orifice-type slot, indicating that 
the change in reservoir  elevation for  a vertical solid-wall slot would be 
greater  than i t  was for the horizontal solid-wall-type slot. Photographs show- 
ing the flow in the siphon ba r r e l  for  a discharge of 2 second feet with the hori- 
zontal and vertical slots a r e  shown in Figure 1 7 .  

RECOMMENDATIONS 

The quantity of sir necessary to regulate the prototype siphon can- 
not be accurately predetermined from a small  scale model; therefore, pro- 
visions should be made in the prototype structure to provide slots that can be 
easily changed to obtain the needed area.  

A suggested method is to provide open a r ea s  in the s t ructure  com- 
parable to the 4- by  6-inch rectangular a r ea s  in the model. Steel plates can 
then be u s e d  to partially cover the areas, leaving ei ther  horizontal o r  vertical 
slots. The exact size of the slot can then be determined by adjusting the  steel 





Damage at the discharge end of the Marys Lake siphon 
Photograph taken March 19, 1951 

















Reservoir elevation above top of slots, some air entering 
resulting in a local depression of the water surface near 
the slots. Lower photograph shows the air-water mixture 
at about maximum discharge. 

SIPHON REGULATOR 
Horizontal orifice-type slot 

Discharge - 8 second-feet 









Partially primed operation. Top photograph shows very 
little local dx-aw-down around slots. Water column at 
right edge of lower photograph shows reservoir elevation. 

SIPHON REGULATOR 
Vertical orifice-type slot 
Discharge - 1 second-foot 



Slight water surface draw-down near slots. Lower 
photograph shows air-water mixture at about one- 
half maximum discharge. The air seems to be better 
distributed with this type of slot than with the horizon- 
tal slot, see Figure 8. 

SIPHON REGULATOR 
Vertical orifice-type slot 
Discharge - 4 second-feet 



FIG1 
HYD 

Reservoir elevation higher than top of slots.  Some air 
entering slots through vortices. Lower photograph 
shows air-water mixture at about maximum discharge. 

SIPHON REGULATOR 
Vertical orifice-type slot 
Discharge - 8 second feet 
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cuRVE i 
FREE FLOW DISCHARGE CURVE 

CURVE 2 

DISCHARGE CURVE-SIPHON WITH 
HORIZONTAL ORIFICE TYPE SLOTS 

CURVE 3 

PRIMING HEAD CURVE 

CURVE 4 

DISCHARGE ~URVE -- SIPHON WITH 
VERTICAL ORIFICE TYPE SLOTS 

For o siphon eQuippeD with horizontoI or i f ice type slots.with on inflow of  3 second-feet. 
J~s the f low starts over the siphon crest the reservoir rises and the discharge in¢reoses 

as shown by line A-B ~ the qroP~, when the reservoir elevation reaches B the siphon 
primes on0 the 01scnorge inslontoneOusiy increoses as shown Oy line B-C. The roservoirlevel 
then foils ondthe discharge decreases, as shown by line C-O, unfil the siphon is discharging 3 
second-feet. The ~ipnon will continue 1o pass 3 second-feet with o steody reservoir elevation 
as long as the inflow remains at 3 second-feet, i f  the inflow decreoses to 0.50 second-feel the 
reservoir elevation on0 the discharge ,viii clecreose,os Shown by line D-E,wi?hout breaking prime. 
For any ~ncreose in inflow the siphon discharge and the reservoir elevation will smoothly change 
along curve 2. For on inflow less f~on OSO second-feet, SOy G30 second-feet, the reservoir  
elevation and dischor0e will increase as shown by line A-K. the siphon then l)rimes ond the 
discharge increases as Shown by line K-L. the dischorqe and reservoir elevOtion then Oecreose 
as shown o]r line L-E', the Siphon then breaks prime and the discharge decreases from E' to 

M aria the cycle M-K-L-E'  repeats, 

For o siphon eQuippeO with ver t lco l  or i f ice type slots,with any Inflow 
For on inflow the reservoir elevation and discharge increase along curve I ?o point O and then 

along curve 4 until the dischorge equals the inflow. The dlsChOr9e and reservoir  elevation 
remain steady as long as th(1 inflow stOyS the some, if" the inf low increases or decreases 
the discharge and reservoir  elevation smoothly change rer~ordless of the quonti?y o f  
i n f l ow  The reservoir elevotion-dischorge relation always fOllOWS curve I up to point O 

and curve 4 fo r  values greoler than point O. 

S I P H O N  SPILLWAY 
01SCHARGE REGULATOR 

DISCHARGE CYCLES 

7, 
I n t e r i o r  - Rec 1-°melton " D e n v e r ,  C o l o .  



t • 
W 

V e r t i c a l  s lo t  r e g u l a t i o n  H o r i z o n t a l  s lo t  r e g u l a t i o n  

D i s c h a r g e  about  o n e - f o u r t h  of m a x i m u m .  W a t e r  c o l u m n  on 
r i gh t  edge  of e ach  p h o t o g r a p h  shows  the r e s e r v o i r  e l e v a t i o n .  
The  a i r  s e e m s  to e n t e r  the h o r i z o n t a l  s l o t s  in s l u g s  and the 
v e r t i c a l  s l o t s  s t e a d i l y ;  h o w e v e r ,  no t i ce  the s i m i l a r i t y  of the 
a i r - w a t e r  m i x t u r e  in the  l o w e r  leg of the s iphon .  

S IPHON R E G U L A T O R  
C o m p a r i s o n  o~ flow in s i phon  b a r r e l .  

D i s c h a r g e  - 2 s e c o n d - f e e t  


